The enantioselective total synthesis of callipeltoside A is described. Two syntheses of the macrolactone subunit are included: the first relies upon an IrelandeClaisen rearrangement to generate the trisubstituted olefin geometry and the second utilizes an enantioselective vinylogous aldol reaction for this purpose. Enantioselective syntheses of the sugar and chlorocyclopropane side chain fragments are also disclosed. The relative and absolute stereochemistry of this natural product was determined by fragment coupling with the two enantiomers of the side chain fragment.
1. Introduction
Background
In 1996, Minale and co-workers isolated minute quantities of callipeltoside A (1, Fig. 1 ) from the lithistid sponge Callipelta sp. 1a This macrolide was the first reported member of a new class of marine natural products, characterized by several unique structural features. Appended to the 14-membered macrolactone, which contains a 6-membered hemiketal, are a highly functionalized deoxyamino sugar (callipeltose) and a dienynetrans-chlorocyclopropane side chain. Additional analysis of the sponge extracts revealed the presence of two further members of this family: callipeltosides B and C (Fig. 1) . 1b All three macrolides possess the macrolactone and side chain portions, but differ in their sugar subunits and glycoside linkages. Extensive NMR experiments were used to assign the relative stereochemical relationships in the macrolactone and sugar regions, however, the relative stereochemistry of the side chain remained unresolved; moreover, the absolute stereochemistry was not assigned. These stereochemical ambiguities coupled with promising biological activity and lack of natural material (vide infra) make this molecule an attractive candidate for total synthesis.
To date, four total syntheses and numerous approaches to the synthesis of various subunits have been reported. 2 
Biological investigations
Preliminary biological assays indicated that callipeltoside A exhibits moderate cytotoxicity against human bronchopulmonary non-small-cell lung carcinoma NSCLC-N6 and P388 cell lines (IC 50 cytometry assays of NSCLC-N6 cell line treated with callipeltoside A revealed in vitro inhibition of cell proliferation of the G1 phase. This cell cycle dependent effect may be induced by enzyme inhibition or terminal cell differentation. No further biological investigations have been disclosed, perhaps due to the lack of an abundant source of the natural product.
Absolute stereochemistry: Celmer's rule
In 1986, Celmer compared published structures of macrolactone antibiotics and found that a majority of macrolides share two common characteristics: (1) they possess a D-configuration at the lactone-containing alkoxy stereocenter, and (2) the C 7 carbon is either unsubstituted ('classical macrolides') or has an L-OH substitution ('unusual macrolides'), 3 although exceptions do exist. Since the proposed relative stereochemistry of callipeltoside did not follow both trends, we decided to pursue the stereoisomer that possesses the C 7 L-OH configuration, a more conserved trait amongst the 'unusual macrolides'. Based on the original NOESY data, 1a selection of this enantiomer of the macrolide dictates the stereochemistry of the sugar to be as illustrated in Figure 1 . Synthesis of the two possible diastereomers 1a and 1b, that differ only in the configuration of the cyclopropyl group, would allow the absolute and relative stereochemistry of callipeltoside A to be unequivocally determined.
General synthesis plan
Our strategy involved disconnecting callipeltoside into three principal fragments: macrolactone A, callipeltose derivative B, and chlorocyclopropane side chain C (Scheme 1). A late-stage glycosylation would allow some flexibility should the stereochemical assignment of the sugar moiety prove to be incorrect. The final fragment coupling was planned to be a HornereWadsworthe Emmons olefination of each enantiomer of phosphonate C to an appropriate aldehyde, a strategy that would allow a late-stage divergence of the synthesis to the two possible diastereomers.
Results and discussion

Synthesis of the macrolactone fragment: first generation
Our initial approach to the synthesis of macrolactone fragment A focused on the construction of the trisubstituted olefin by an IrelandeClaisen rearrangement of an oxygenated enolate (Scheme 2). Rearrangment precursor 2 would be prepared from aldehyde 3, which is available from b-ketoester 4. The stereochemical array of substrate 4 can be derived from the stereochemistry of b-ketoimide 5 through a series of diastereoselective aldol reactions.
The synthesis began with the anti-selective aldol addition of the (E)-boron enolate of b-ketoimide 5 to cinnamaldehyde (Scheme 3). This reaction, developed in these laboratories in 1992, 4 led to the formation of aldol adduct 6 in excellent diastereoselectivity. Anti-selective reduction with tetramethylammonium triacetoxyborohydride 5 formed diol 7, which was converted to aldehyde 8 in three steps. Addition of Chan's diene 9 6 mediated by BF 3 $OEt 2 gave the desired Felkin aldol adduct 10 as a single diastereomer. This high diastereoselectivity was expected due to the reinforcing stereochemical b-Ketoester 10 was elaborated to aldehyde 11 by silylation, ketal hydrolysis, methylation, and ozonolysis (Scheme 4). Isopropenylmagnesium bromide was then added under chelation control to form allylic alcohol 12 as a single diastereomer. Protecting group interconversion and acylation produced allylic ester 13, the precursor to the key IrelandeClaisen rearrangement. 8 Treatment of ester 13 with LiHMDS in the presence of TMSCl and triethylamine effected the Irelande Claisen rearrangement to yield the desired acid 14 as a single olefin isomer with the desired configuration at C 13 .
9 This compound was then transformed in three steps to seco-acid 15, the precursor to the macrolactone subunit. After considerable experimentation, it was found that the use of Murai's modified Yamaguchi macrolactonization conditions 10 formed the desired macrolactone 16 in acceptable yield, thus completing the first-generation synthesis of this fragment.
Synthesis of the macrolactone fragment: second generation
While our initial strategy did lead to a successful synthesis of macrolactone 16, late-stage protecting group issues coupled with the overall linearity of the route led us to explore the possibility of a more convergent synthesis of this fragment. Although two diastereoselective aldol reactions would still be used to prepare the C5eC9 stereopentad of seco-acid 17, the aldol reaction with b-ketoimide 5 would occur at a later stage. This strategy suggested aldehyde 18 as a key fragment (Scheme 5). We hoped to develop a catalytic enantioselective synthesis of this aldehyde, wherein the trisubstituted olefin geometry and the configuration at C 13 would be defined in a single operation.
The key step envisioned for the enantioselective synthesis of aldehyde 18 was a vinylogous aldol reaction between silyl dienolate 19 and aldehyde 20, catalyzed by a chiral Lewis acid. Previous studies from these laboratories have shown that bis(oxazolinyl)pyridine copper(II) complexes are effective catalysts for the vinylogous aldol reaction of (benzyloxy)acetaldehyde. 11 While these results provided a valuable precedent for development of the current reaction, the crucial issue of the product olefin geometry remained unaddressed in these cases. 12 Initially, addition of a solution of aldehyde 20 to a solution of silyl dienolate 19 in the presence of catalyst 21 as the bench stable dihydrate led to the formation of a,b-unsaturated ester 22 in low yield and enantioselectivity (Table 1 , entry 1). Analysis of the unpurified reaction mixture indicated the presence of several products, many of which resulted from the addition of multiple equivalents of dienolate 19 . Oligomeric products have been observed previously in aldol reactions catalyzed by complex 21, but in these cases multiple equivalents of aldehyde were incorporated. 13 We hypothesized that these oligomers were the result of slow silyl transfer to the intermediate copper alkoxide, although slow addition of the aldehyde to the reaction mixture did not lead to an improvement in the current case (entry 2). Fortunately, simultaneous slow addition of separate solutions of substrates 19 and 20 to the catalyst solution allowed the isolation of the desired ester 22 in excellent yield and enantioselectivity (entries 3 and 4). 14 Ester 22 was readily converted to aldehyde 24 in three straightforward transformations in good yield (Scheme 6).
b-Ketoimide 5 had been shown to control the stereochemical course of the diastereoselective aldol reaction to form the C 8 e C 9 bond in the first-generation synthesis (vide supra). Addition of aldehyde 24 to the boron enolate of b-ketoimide 5, however, led to the formation of the desired aldol adduct 25a with a disappointing 1.2:1 diastereomeric ratio (Scheme 7, Eq. 1). 15 Remarkably, reaction with enantiomeric aldehyde ent-24 yielded adduct 25b with excellent diastereoselectivity for the desired antieanti diastereomer (Eq. 2). Taken together, these reactions document an unanticipated aldehyde facial bias resulting from the remote secondary silyloxy stereocenter at C 13 . 16 This result was quite surprising, since this stereocenter is five carbon atoms removed from the reaction site, and is further removed spatially due to the (E)-configuration of the trisubstituted olefin. To probe the generality of this process, the (E)-boron enolate of methyl isobutyl ketone was added to a series of aldehydes similar to 24 (Table 2) . 17 The results indicate that an O-silyl group is necessary at C 13 , but the protecting group on the C 14 -oxygen is not as important to selectivity. Although aldol adduct 25b possessed the undesired stereochemistry at C 13 , we hoped to utilize this unexpected result by modifying our overall synthesis strategy. In the original plan, the C 13 hydroxyl group was to participate in a macrolactonization with retention of configuration; if, however, this center were to be inverted (e.g., under Mitsunobu conditions 18 ) in concert with macrocyclization, the overall efficiency of the strategy would be maintained. Elaboration of aldol adduct 25b to the requisite seco-acid generally followed the precedent set by the first-generation synthesis (Schemes 2 and 3), with a few notable differences. Aldol adduct 25b was not stable to column chromatography, and was therefore subjected directly to the anti-selective reduction conditions utilized previously (Scheme 8). 5 Unfortunately, the initial product of this reaction, cyclohexylboronic ester 26, proved generally resistant to hydrolysis. Treatment of the unpurified boronic ester with diethanolamine, however, led to cleavage of the boronic ester with concomitant lactonization to form 27. 19 This lactone was readily converted to the Weinreb amide; diol protection and reduction with lithium aluminum hydride then provided aldehyde 28.
Addition of Chan's diene to aldehyde 28 formed bketoester 29 as a single diastereomer (Scheme 9). Silylation with TBSOTf and 2,6-lutidine led to the formation of a mixture of acetonide 30 and lactol 31, the latter formed via acetonide hydrolysis under the Lewis acid reaction conditions. 20 Both compounds can be converted to the mixed methyl ketal 32 by stirring in methanol in the presence of a mild Brønsted acid such as pyridinium para-toluenesulfonate (PPTS), followed by methylation of the free hydroxyl with methyl triflate and 2,6-di-tert-butylpyridine (DTBP). The small quantity (<20%) of dihydropyran formed under these conditions can be converted to ketal 32 by resubjection to the solvolysis conditions. Selective deprotection of 32 was possible using tetrabutylammonium fluoride (TBAF). 21 To allow for flexibility in the macrocyclization, two possible precursors were prepared: hydrolysis of the ester with lithium hydroxide yielded secoacid 33; alternatively, mesylation followed by hydrolysis provided mesylate 34.
Attempts to cyclize seco-acid 33 directly using Mitsunobu conditions led to either the recovery of starting material or elimination of the C 13 -hydroxyl to form a conjugated diene. Cyclization of mesylate 34, however, proved far more promising ( Table 3 ). Initial treatment of mesylate 34 with cesium carbonate and DMAP at 70 C led to the formation of the desired macrolactone, albeit in low yield (entry 1). Although variation of solvent and temperature did not lead to an improvement in yield (entries 2 and 3), replacement of DMAP with a crown ether (18-crown-6) allowed the isolation of macrocycle 35 in acceptable yield (entry 5). Overall, the second-generation synthesis of the macrocycle was accomplished in 16 steps and 8% overall yield, a significant improvement from the first-generation synthesis (20 steps and 2% overall yield).
Synthesis of callipeltose 2p
Our strategy for the synthesis of the sugar fragment B involved a convergent approach in which the key C 2 0 eC 3 0 bond is formed via diastereoselective addition of an oxygenated enolate to a methyl ketone (Scheme 10). According to the ZimmermaneTraxler transition state model, 22 Felkinselective addition of an (E)-enolate should lead to the formation of the desired configuration of C 2 0 and C 3 0 . Ketone 36 was prepared in five steps from D-threonine as shown in Scheme 11. Acid, amine, and alcohol protection yielded ester 37, which was converted to methyl ketone 36 via the intermediate Weinreb amide. While the addition of the lithium enolate of ethyl methoxyacetate to ketone 36 led exclusively to the formation of the desired Felkin configuration at C 3 0 , selectivity at C 2 0 was only 2:1, favoring the undesired syn configuration (Scheme 12). 23 While this result was likely due to the formation of significant quantities of the undesired (E)-enolate, the diastereoselectivity could not be improved by the use of other amide bases (i.e., LiHMDS, LiTMP) or additives (i.e., HMPA).
Based on these results, the ester reaction partner was changed to the cyclic ester 39, which can only form the desired (Z)-enolate (Scheme 13). When the lithium enolate of this ester was added to ketone 36, the desired aldol adduct 40 was formed in good yield and excellent stereoselectivity, 24 presumably via the indicated transition state (ts1).
Treatment of aldol adduct 40 with aqueous acetic acid effected removal of the acetonide and cyclohexylidene ketals with concomitant lactonization, providing lactone 41 in good yield (Scheme 14). After considerable experimentation, it was found that the C 2 0 -hydroxyl could be selectively methylated using Meerwein's salt and 2,6-di-tert-butyl-4-methylpyridine (DTBMP). 25 The resultant lactone was reduced and acetylated using Rychnovsky's one-pot procedure 26 to yield the six-membered acetate 42 as a 9:1 mixture of anomers. To allow for glycosidation flexibility, the anomeric acetate 42 was converted into both the trichloroacetimidate 43 and the thioglycosides 44 and 45.
Synthesis of the phosphonate side chain 2s
Due to the stereochemical ambiguity of the cyclopropane appendage (vide infra), it was crucial that a synthesis of the phosphonate fragment be amenable to either enantiomer. Our synthesis strategy (Scheme 15) involved installation of the phosphonate moiety by a MichaeliseArbusov rearrangement.
27 Dibromoolefin 47 should serve as a suitable precursor to 46 using a transition metal coupling reaction with an appropriate vinyl metal species followed by elimination. Dibromoolefin 46 is available from a CoreyeFuchs homologation 28 of aldehyde 48. While it was known that the Charette cyclopropanation was possible with vinyl halides, 29 we hoped to develop a new method for the stereoselective construction of halocyclopropanes. To this end, we envisioned the construction of aldehyde 48 via a directed cyclopropanation of a vinyl chloride. The (S)-enantiomer was initially selected for the synthesis because it is derived from inexpensive D-mannitol. Cleavage of 1,2,5,6-di-O-cyclohexylidene-D-mannitol (49) using conditions developed by Schmid and Bradley 32 cleanly provided protected glyceraldehyde 50 (Scheme 16). Unfortunately, Takai olefination resulted in the formation of vinyl chloride 52 with moderate diastereoselection (87:13 E/Z) and low yield (<40% from 49). Furthermore, the two isomers were not readily separated by flash column chromatography. These results, coupled with the fact that the Takai olefination 33 requires the use of a large quantity of chromium(II) chloride, led us to explore alternative approaches to vinyl chloride 52. Masuda and co-workers have reported the stereospecific electrophilic chlorination of vinylboranes formed in situ from the hydroboration of alkynes, leading to the formation of (E)-vinyl chlorides in good to excellent yields. 34 To test the viability of this reaction for the formation of 52, aldehyde 50 was first homologated to alkyne 51 using Ohira's reagent (53). 35 Subjection of this alkyne to Masuda's conditions resulted in the formation of vinyl chloride 52 in good yield as a single olefin isomer.
Cyclopropanation of vinyl chloride 52 proved more difficult than was originally expected. This olefin, presumably due to its low nucleophilicity, proved resistant to Simmonse Smith cyclopropanation under various standard conditions. For example, less than 10% conversion was observed using either the Furukawa (Et 2 Zn, CH 2 I 2 ) 36 or Denmark (Et 2 Zn, CH 2 I 2 , ZnI 2 ) 37 carbenoid variants. In our search for a more reactive carbenoid, we were attracted to a recent report by Shi and co-workers wherein he found that the reactivity of zinc carbenoids could be markedly increased by the addition of 1 equiv of a Brønsted acid. 38 In particular, the authors found that the addition of 1 equiv of trifluoroacetic acid to diethylzinc prior to the addition of diiodomethane led to the formation of a highly reactive carbenoid. This study did not, however, address the ability of this reactive carbenoid to participate in a diastereoselective cyclopropanation. Gratifyingly, subjection of vinyl chloride 52 to Shi's conditions resulted in the formation of cyclopropane 54 as a single diastereomer in good yield (Eq. 3). 39 Elaboration of cyclopropane 54 to dibromide 47 was accomplished as shown in Scheme 17. Removal of cyclohexylidene ketal initially proved difficult due to reketalization during in vacuo concentration. When the methanolic reaction solution was washed with hexanes prior to concentration, however, cyclohexanone dimethyl ketal was removed and diol 55 was isolated in good yield. Diol cleavage with potassium carbonate-buffered lead tetraacetate afforded the volatile aldehyde 48, which was immediately treated with excess CoreyeFuchs reagent to cleanly afford dibromoolefin 47.
Shen and Wang have reported a method for the direct formation of enynes from dibromides and vinylstannanes, catalyzed by Pd 2 dba 2 in the presence of electron-rich triaryl phosphines and Hünig's base. 40 While this system did effect the coupling of dibromide 47 with stannanes 56, enyne 46 was isolated in low yields (<50%) and separation of tin byproducts proved problematic (Scheme 18). Thus the possibility of separating the coupling and elimination steps was investigated. Roush 4 in the presence of thallium ethoxide led to the clean formation of diene 58 in excellent yield. Conversion to the enyne was possible using a DBU-induced elimination of HBr. 43 Allylic alcohol 46 was then converted to the desired phosphonate by bromination followed by an Arbusov rearrangment.
Access to ent-59 was possible from commercially available L-gulonic g-lactone (Scheme 19). Periodate cleavage of the mono(cyclohexylidene ketal) 60 according to Schmid's conditions 32 followed by homologation with Ohira's reagent (53) led to the formation of alkyne ent-51. This alkyne was then elaborated to phosphonate ent-59 in an identical manner to that described previously (vide supra).
Fragment assembly and stereochemical analysis
With efficient syntheses of all the three fragments of callipeltoside A in hand, we were prepared to investigate fragment assembly. Contrary to the approach of others, 2a,c we envisioned glycosylation with an appropriate callipeltose derivative prior to coupling with the chlorocyclopropane side chain. The key advantage of this approach is that the two enantiomers of the side chain can be appended to a common intermediate in the penultimate step. Following TBAF deprotection of the C 5 silyl ether, macrolactone 61 was prepared for glycosylation (Eq. 4).
While trichloroacetimidate 43 was not an effective glycosyl donor for this system, thioglycoside 45 was found to be an excellent alternative (Table 4) . It has been reported that thioglycosides serve as excellent glyocosyl donors in the presence of N-iodosuccinimide (NIS) and triflic acid. 44 With the present system, however, these conditions led to a complex reaction mixture. Gratifyingly, when this system was buffered with 2,6-di-tert-butyl-4-methylpyridine (DTBMP) the formation of the desired glycoside bond was achieved in excellent yield when N-silyl donor 45 was used. It is worth noting that either anomer of 45 can be used, leading to the formation of a single product. The stereochemistry of product 62 was determined by NOESY analysis and by analysis of the coupling constants of the sugar protons. This result is consistent with nucleophilic attack on the exo face of the derived oxocarbenium ion as shown.
In preparation for the final fragment coupling, a HornereWadswortheEmmons olefination, the glycosylated macrolactone was deprotected and the resulting primary alcohol oxidized to aldehyde 64 (Scheme 20). Although standard PMB deprotection conditions (DDQ, H 2 O) led to mixtures of lactol and methyl ketal, performing the oxidative deprotection in a mixture of methanol and water led to the exclusive formation of lactol 63. It was thus envisioned that by the use of excess phosphonate anion during the olefination reaction, an unprotected lactol could be used in the coupling process. To test this hypothesis, oxidation to aldehyde 64 was accomplished under ParikhÀDoering conditions. 45 Fortunately, addition of excess lithium anion of phosphonate 59, generated in situ with LiHMDS, to aldehyde 64 resulted in the formation of the desired dienyne 65 in moderate selectivity (3:1) for the desired (E,E)-configuration (Scheme 21).
46
Although no conditions were found to directly improve this selectivity, exposure of the mixture to a catalytic quantity of iodine under ambient light led to a marked increase in the olefin ratio (E,E/E,Z 11:1).
46b,f Desilylation of 65 with buffered TBAF completed the synthesis of 1a in 56% yield from alcohol 63. This process was repeated using ent-59, yielding diastereomer 1b in similar yield over the four-step sequence.
Diastereomers 1a and 1b were shown to exhibit essentially identical NMR spectral data, indicating the cyclopropane moiety is too remote to affect the overall conformation of these molecules. In addition, both spectra were in good agreement with the data reported for natural callipeltoside. 47 Fortuitously, the optical rotations of the two diastereomers were dramatically different in both sign and magnitude. Diastereomer 1a exhibited a rotation of À17 (c 0.19, MeOH), whereas diastereomer 1b registered a value of þ140 (c 0.05, MeOH). Natural callipeltoside A has a reported rotation of À17.6 (c 0.04, MeOH), thus we assigned the relative and absolute stereochemistry of callipeltoside A to be identical to that of diastereomer 1a, in full agreement with the conclusions drawn by Trost and co-workers. during the course of this synthesis: (1) a diastereoselective addition of an oxygenated enolate to a methyl ketone to prepare the densely functionalized callipeltose in a rapid and convergent manner; (2) a diastereoselective cyclopropanation of an electron-poor vinyl chloride using Shi's modified SimmonseSmith conditions; (3) a catalytic, enantioselective vinylogous aldol reaction to provide the trisubstituted olefin geometry and the C 13 configuration in a single operation; (4) a cesium carbonatemediated cyclization with concomitant hydroxyl inversion to form the macrolactone; and (5) a buffered N-iodosuccinimide-mediated glycosylation to prepare the glycosyl bond of a system susceptible to Lewis acidic conditions. Moreover, an unusual remote 1,5-induction effect was observed in the addition of an (E)-boron enolate to an a,b-unsaturated aldehyde. Based on the spectral data and optical rotation, the synthesis confirmed the relative and absolute configuration of this marine macrolide.
Experimental section
General information
All non-aqueous reactions and distillations were carried out under an atmosphere of dry nitrogen in glassware that had been flame-dried under a stream of nitrogen. THF, CH 2 Cl 2 , toluene, and Et 2 O were purified by passage through a bed of activated alumina. All other reaction solvents were distilled from calcium hydride. Solvents used for extraction and chromatography were of HPLC grade. Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica gel 60-F plates. Visualization was accomplished with UV light and ceric ammonium molybdate, anisaldehyde, or potassium permanganate stain followed by heating. Chromatography on silica gel was performed using a forced flow of the indicated solvent system of EM Reagents silica gel (230e400 mesh). Unless otherwise stated, all isolated compounds were >95% as judged by 1 H NMR analysis. Infrared (IR) spectra were recorded as thin films on KBr plates on a Perkin Elmer 1600 series FT-IR spectrophotometer. 1 H NMR spectra were recorded at 20 C on Varian Inova 500 spectrometer or Mercury 400 spectrometers. Data are reported as (s¼singlet, d¼doublet, t¼triplet, q¼quartet, m¼multiplet; coupling constant(s) in hertz; integration). Chemical shifts are reported in parts per million from tetramethylsilane with the solvent resonance as the internal standard. Ambiguous assignments were resolved on the basis of 2D-COSY experiments, and are listed according to the callipeltoside numbering system, except those of the side chain precursors. 13 C NMR spectra were recorded at 20 C on a Mercury 400 (100 MHz) spectrometer with proton decoupling. Chemical shifts are reported in parts per million from tetramethylsilane with the solvent resonance as the internal standard. Mass spectra were obtained on JEOL AX-505 and SX-102 high resolution magnetic sector mass spectrometers by the Harvard University Mass Spectrometry Laboratory. Optical rotations were measured on a Jasco DIP-0181 digital polarimeter with a sodium lamp and are reported as follows:
[a] l t ( C) (c (g/100 mL), solvent).
Experimental procedures
4 in 120 mL of Et 2 O were added 2.73 mL (12.5 mmol) of Cy 2 BCl and then 1.35 mL (12.5 mmol) of Et 3 N. The resulting yellow suspension was stirred for 1 h at 0 C and then cooled to À78 C prior to the dropwise addition of 1.90 mL (15.0 mmol) of cinnamaldehyde. The reaction mixture was stirred at À78 C for 3 h and then allowed to warm to À20 C over 1 h before the addition of 100 mL of 2:1 MeOH/satd NH 4 Cl (aq). The mixture was stirred for an additional 10 min at 0 C, and then poured into 300 mL of CH 2 Cl 2 and 50 mL of H 2 O. The aqueous layer was separated and extracted with an additional 200 mL of CH 2 Cl 2 . The combined organic extracts were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo. The unpurified reaction mixture was triturated with 100 mL of Et 2 O (overnight stirring) and the mother liquor was removed by pipette. The resulting crystals were washed with 5 mL of cold 
(6E
Me 4 NBH(OAc) 3 (4.13 g, 15.7 mmol) was dissolved in 15 mL of glacial acetic acid and 15 mL of CH 3 CN and cooled to 0 C. The aldol product 6 (1.32 g, 3.13 mmol) was dissolved in 30 mL of CH 3 CN and added to this solution at 0 C and the reaction mixture was stirred for 3 h. The mixture was then transferred via cannula to 300 mL of a rapidly stirring biphasic mixture of 1:1 CH 2 Cl 2 and satd NaHCO 3 (aq). The mixture was stirred for 5 min and then placed in a separatory funnel. The organic phase was separated and the aqueous phase was extracted with 100 mL of CH 2 Cl 2 . The combined organic phases were washed with 50 mL of brine and the solvent was removed under reduced pressure. The crude product was dissolved three times in 100 mL of MeOH and the solvent was removed under reduced pressure to give 1.32 g (3.12 mmol, 98%) of the title compound of sufficient purity to be used directly. [ 
To a solution of 1.10 g diol 7 (2.60 mmol) in 20 mL of 2,2-dimethoxypropane and 50 mL of acetone at rt was added 70 mg of PPTS (0.279 mmol). The resultant mixture was stirred for 1 h at rt. The reaction mixture was poured into 100 mL of Et 2 O and 30 mL of 1 M NaHCO 3 (aq), and the organic phase was separated. The organic phase was washed twice with 50 mL of H 2 O and dried over MgSO 4 . The solvent was removed under reduced pressure to give 1.14 g (2.46 mmol, 95%) of the title compound of sufficient purity to be used directly. [ 
To a solution of 1.05 mL (14.2 mmol) of ethanethiol in 60 mL of THF (À78 C) was added dropwise 6.88 mL of n-BuLi (1.47 M, 10.1 mmol). The reaction mixture was warmed to 0 C and kept for 15 min at this temperature. A solution of 2.00 g (4.32 mmol) of the acetonide in 50 mL of THF (10 C) was then added dropwise. The reaction mixture was stirred for 2 h at À5 C to 0 C and then poured to 150 mL of 0.5 M NaOH (aq) and 300 mL of EtOAc. The organic phase was washed with 100 mL of brine and the combined organic phases were further extracted with 200 mL of EtOAc. The combined organic phases were dried over MgSO 4 
To a cooled (À78 C) solution of 1.20 g (3.45 mmol) of the thioester in 75 mL of toluene was added 5.43 mL of DIBAL-H (1 M solution in THF). The solution was stirred for 15 min at À78 C and then quenched by the addition of 3 mL of EtOAc. Then 50 mL of 0.5 M Rochelle salt was added and the mixture was stirred for 2 h at rt. The organic phase was separated and the aqueous phase was extracted with 300 mL of Et 2 O. The combined organic extracts were washed with 25 mL of brine, dried over MgSO 4 
To a cooled (À78 C) solution of 870 mg of aldehyde 8 (3.02 mmol) in 100 mL of toluene were added 2.20 mL of silyl dienyl ether 9 6 and then dropwise 496 mL of BF 3 $OEt 2 . After 10 min, the reaction was quenched by the addition of 100 mL of satd NaHCO 3 (aq). The mixture was diluted with 100 mL of EtOAc and the layers were separated, the aqueous layer was extracted with 100 mL of EtOAc, the combined organic extracts were washed with brine, dried over MgSO 4 
To a cooled solution (À78 C) of 1050 mg (2.60 mmol) of 10 in 100 mL of CH 2 Cl 2 were added dropwise 423 mL (3.60 mmol) of lutidine and 819 mL (3.57 mmol) of TBSOTf. After 20 min, the reaction was quenched by the addition of 80 mL of satd NaHCO 3 (aq) and the mixture was stirred for 30 min. The organic phase was separated and the aqueous phase was further extracted with 100 mL of EtOAc. The combined organic extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. The unpurified reaction mixture was dissolved in 150 mL of MeOH and 74 mg of PPTS was added. After 56 h, the reaction was quenched by the addition of 400 mL of satd NaHCO 3 (aq). The mixture was diluted with 300 mL of Et 2 O and the organic phase was separated. The aqueous phase was further extracted twice with 300 mL of Et 2 O and the combined organic extracts were washed with brine (100 mL), dried over MgSO 4 
To a solution of 120 mg (0.244 mmol) of the alcohol in 3.0 mL of CH 2 Cl 2 were added 750 mg (3.66 mmol) of 2,6-di-tert-butyl-4-methylpyridine and 200 mL (1.77 mmol) of MeOTf. The solution was stirred for 14 h at rt and 3 mL of MeOH was added to quench excess MeOTf. The solution was stirred for 30 min, and then poured into 50 mL of satd NaHCO 3 (aq) and diluted with 100 mL of Et 2 O. The organic phase was separated and the aqueous phase was further extracted with 50 mL of Et 2 O and the combined organic extracts were washed with brine, dried over MgSO 4 , and concentrated in vacuo. Purification by flash chromatography (5% EtOAc/ hexanes) yielded 101 mg (0.200 mmol, 82%) of the title compound and approx. 10 mg of the derived dihydropyran, which can be converted into the title compound by stirring in MeOH/ PPTS. To a cooled solution (À78 C) of 50 mg (0.100 mmol) of the olefin in 10 mL of CH 2 Cl 2 and 5 mL of MeOH was added O 3 for 3 min (the reaction mixture turned blue after 2 min). Then 15 drops of Me 2 S was added and the reaction mixture was slowly warmed to rt overnight. The mixture was poured into 50 mL of satd NaHCO 3 (aq) and 50 mL of EtOAc, and the organic phase was separated. The aqueous phase was further extracted with 50 mL of EtOAc and the combined organic extracts were dried over MgSO 4 
Methyl 2-[6-((2S,3S,1R)-
A cooled solution of 1.89 mL of 2-magnesiumbromopropene (0.5 M in THF) was diluted with 5 mL of THF and transferred via cannula to a cooled solution (À78 C) of 210 mg (0.486 mmol) of aldehyde 11 in 5 mL of THF. After 15 min at À78 C, the reaction was quenched by the addition of 25 mL of NaHCO 3 (aq). The mixture was diluted with 10 mL of EtOAc and the organic phase was separated. The aqueous phase was extracted twice with 20 mL of EtOAc and the combined organic extracts were washed with 10 mL brine, dried over MgSO 4 
A 1 M solution of LiOH in H 2 O (14 mL) was added to a solution of 333 mg (0.70 mmol) of alcohol 12 in 28 mL of methanol and 28 mL of THF at rt. The resulting homogeneous reaction mixture was stirred vigorously overnight. The volatile solvents were removed in vacuo, and the residual oil was diluted with H 2 O and acidified to pH <2 with 6 M HCl (aq). The aqueous layer was extracted with 3Â100 mL of Et 2 O. The combined organic layer was dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The resulting yellow oil was used directly in the next reaction without further purification. The yellow oil containing the acid was dissolved in 0.70 mL of DMF at rt, 63 mL (0.73 mmol) of freshly distilled allyl bromide and 119 mg (0.36 mmol) of solid Cs 2 CO 3 were added to the reaction solution, and the resulting mixture was stirred overnight at rt. The reaction was quenched with satd NH 4 Cl (aq) and extracted with 3Â20 mL of Et 2 O. The combined organic layers were washed with H 2 O and brine to remove DMF. The organic layer was then dried over Na 2 SO 4 , filtered, and concentrated in vacuo to afford 270 mg (0.54 mmol, 77% yield, two steps) of the desired product as a colorless oil.
[a] D 23 À56. C and 223 mg (1.08 mmol) of DCC was added to the reaction mixture. The ice bath was removed to allow the reaction to warm to rt over 15 min. After addition of 33 mg (0.27 mmol) of DMAP to the suspension, the reaction mixture was stirred at rt overnight. The reaction mixture was diluted with EtOAc and then filtered through a plug of Celite. and 14.0 mL (82.6 mmol) of diisopropylethylamine were then added to the reaction mixture. After stirring at rt overnight, the resulting anhydride mixture was diluted with 2.6 mL of toluene. The mixture was added via syringe pump to a solution of 47.0 mg (0.381 mmol) of DMAP in 3.9 mL of toluene at 70 C over 2 h, followed by a rinse of the syringe with 2 mL of toluene. The reaction mixture was stirred for at least an additional 30 min before cooling to rt. The volatile solvents were removed in vacuo, and the resulting oil was purified by flash chromatography (10% EtOAc/hexane) to afford 1.2 mg of the title compound and 2.0 mg of the derived dihydropyran, which can be reketalized with 0. 
Ethyl (2E)(5S)-5-hydroxy-6-[(4-methoxyphenyl)-methoxy]-3-methylhex-2-enoate (ent-22)
A solution of 581 mg (0.618 mmol, 2.5 mol %) of Cu(S,S)PhPyBox$2SbF 6 $2H 2 O 11 in 25 mL of CH 2 Cl 2 was precooled to À78 C. Solutions of 4.45 g (24.7 mmol) of p-methoxy(benzyloxy)acetaldehyde 20 and 5.95 g (29.7 mmol) of silyl ketene acetal 19 each in 12 mL of CH 2 Cl 2 were added simultaneously over 20 h using a syringe pump, maintaining the reaction vessel at À78 C. After the addition was complete, the cold reaction solution was filtered through a silica plug with a rinse of 200 mL of Et 2 O. The solvent was removed in vacuo and the unpurified reaction mixture was diluted with 100 mL of EtOAc and 5 mL of 1 M HCl (aq) was added. After vigorous stirring for 45 min, the reaction mixture was poured into 100 mL of satd NaHCO 3 (aq). The organic layer was removed and the aqueous layer was extracted with 3Â100 mL of CH 2 Cl 2 . The combined organic layers were washed with brine (100 mL), dried (Na 2 
(2E)(5S)-6-[(4-Methoxyphenyl)methoxy]-3-methyl-5-(tert-butyldimethylsiloxy)hex-2-en-1-ol
Compound ent-23 (8.07 g, 19.1 mmol) was dissolved in 80 mL of Et 2 O and cooled to 0 C. A solution of LiAlH 4 in Et 2 O (20 mL, 1.0 M, 20 mmol) was added dropwise over 5 min, and the resulting solution was warmed to rt and stirred for 1 h. The reaction mixture was then cooled to 0 C and quenched by the slow sequential addition of 0.76 mL of H 2 O, 0.76 mL of 15% NaOH (aq), and 2.28 mL of H 2 O. Once the precipitate became white, the resulting slurry was filtered through Celite with a 3Â100 mL Et 2 
6-{(1E)(4S)-5-[(4-Methoxyphenyl)methoxy]-2-methyl-4-(tert-butyldimethylsiloxy)pent-1-enyl}(3S,4S,5S,6R)-4-hydroxy-3,5-dimethyl-3H-4,5,6-trihydropyran-2-one (27)
To a cooled (0 C) solution of 1.79 g (6.19 mmol) of b-ketoimide 5 4 in 70 mL of Et 2 O were added 1.78 mL (8.12 mmol) of dicyclohexylboron chloride and 0.88 mL (8.12 mmol) of EtNMe 2 . Almost immediately the solution became yellow with the concomitant formation of a white precipitate. This mixture was stirred for 1 h at 0 C, and then chilled to À78 C. Aldehyde ent-24 (1.80 g, 4.77 mmol) was added by syringe, and the mixture was stirred for 2 h at À78 C and then transferred to a À20 C freezer for 1 h. The reaction was quenched by the addition of 60 mL of 2:1 MeOH/satd NH 4 Cl (aq) and the mixture was warmed to rt. This hetereogeneous mixture was diluted with 200 mL of H 2 O and extracted with 3Â200 mL of CH 2 Cl 2 . The organic extracts were dried (Na 2 SO 4 ) and concentrated in vacuo. The resulting yellow oil was diluted with 15 mL of CH 3 CN and added via cannula to a cooled (0 C) solution of 6.28 g (23.9 mmol) of Me 4 NB-H(OAc) 3 in 15 mL of AcOH and 15 mL of CH 3 CN. The resulting yellow solution was stirred for 2 h at 0 C and then transferred via cannula to a vigorously stitrring mixture of 400 mL of satd NaHCO 3 (aq) and 200 mL of CH 2 Cl 2 . After stirring for 30 min, the layers were separated and the aqueous layer was further extracted with 2Â150 mL of CH 2 Cl 2 . The combined organic fractions were dried (Na 2 SO 4 ) and concentrated in vacuo. To the resulting yellow oil were added 50 mL of EtOAc and 11 mL of diethanolamine, and the resulting suspension was stirred vigorously for 3 h. The reaction mixture was then diluted with 200 mL of EtOAc and washed with 3Â200 mL of 10:1H 2 O/brine and 200 mL of brine. The aqueous layers were back extracted with 200 mL of EtOAc, and the combined organic fractions were dried (Na 2 To a cooled (0 C) solution of N,O-dimethylhydroxylamine$HCl (1.53 g, 15.7 mmol) in 50 mL of CH 2 Cl 2 was added neat AlMe 3 (1.51 mL, 15.7 mmol) dropwise over 10 min. The hetereogeneous mixture became homogeneous after stirring for 1 h at 0 C, at which point a solution of 1.55 g (3.15 mmol) of lactone 27 in 10 mL of CH 2 Cl 2 was added via cannula. The resulting solution was stirred for 16 h at 0 C/rt. The reaction was quenched by the slow addition of 100 mL of satd Rochelle's salt (aq) and stirred until both layers became clear (3 h). The mixture was diluted with an extra 100 mL of satd Rochelle's salt (aq) and extracted with 4Â200 mL of EtOAc. The comined organic fractions were dried (Na 2 SO 4 ) and concentrated in vacuo. The unpurified oil was diluted with 60 mL of acetone and 30 mL of dimethoxypropane, 80 mg (0.32 mmol) of PPTS was added, and the resulting solution was stirred for 2.5 h at rt. Satd NaHCO 3 (aq) (5 mL) was added and the mixture was poured into 200 mL of H 2 O. The product was extracted with 3Â150 mL of CH 2 C and 300 mL (1.0 M, 0.300 mmol) of a solution of LiAlH 4 in Et 2 O was added via syringe. The mixture was warmed to rt and followed closely by TLC analysis (30% EtOAc/hexanes). After 30 min, an additional 50 mL of the LiAlH 4 solution was added and then 15 min later an additional 15 mL was added. After a total of 60 min, TLC analysis showed completion reaction and 5 mL of EtOAc was added. Satd Rochelle's salt (aq) (50 mL) was added and the mixture was stirred vigorously for 3 h. The aqueous layer was then extracted with 3Â100 mL of CH 2 Cl 2 . The combined organic fractions were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo to provide 160 mg (0.299 mmol, 99%) of the title compound as a clear colorless oil of sufficient purity to be used directly. TLC R f 0. A solution of 807 mg (1.51 mmol) of aldehyde 28 in 60 mL of toluene was chilled to an internal temperature of À90 C in a toluene/N 2 (l) bath. A solution of 1.18 g (4.53 mmol) of freshly prepared Chan's diene 9 6 in 5 mL of toluene was added via cannula. Neat BF 3 $OEt 2 (230 mL, 1.81 mmol) was then added over 5 min and the mixture was stirred for 45 min, maintaining the internal temperature below À85
C. Satd NaHCO 3 (aq) (5 mL) was then added and the mixture was warmed to rt. The mixture was diluted with 100 mL of EtOAc, and then washed with 100 mL of H 2 O and 100 mL of brine. The aqueous layers were back extracted with 100 mL of EtOAc, the combined organic extracts were dried (Na 2 SO 4 ), and the solvent was removed in vacuo. C, 5 mL of satd NaHCO 3 (aq) was added and the mixture was allowed to warm to rt. An additional 100 mL of CH 2 Cl 2 was added, and then the organic layer was washed with 100 mL of H 2 O, 100 mL of 1 M NaHSO 4 (aq), and 100 mL of brine. The aqueous layers were back extracted with 100 mL of CH 2 Cl 2 , the combined organic layers were dried (Na 2 SO 4 ), and the solvent was removed in vacuo. Flash column chromatography (linear gradient, 0/40% EtOAc/hexanes) yielded 434 mg (0.567 mmol) of b-ketoester 30 and 401 mg (0.543 mmol) of lactol 31 (combined yield: 88%). The b-ketoester and lactol obtained from the previous step (1.11 mmol total) were diluted with 60 mL of MeOH and 30 mg (0.11 mmol) of PPTS was added. After stirring for 10 h at rt, the reaction was quenched by the addtion of 2 mL of satd NaHCO 3 (aq). The mixture was diluted with 200 mL of H 2 O and the desired product was extracted with 7Â200 mL of CH 2 Cl 2 . The extracts were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo to yield 745 mg (1.01 mmol, 91%) of the desired alcohol of sufficient purity for the next step. To a solution of 745 mg (1.01 mmol) of this alcohol in 60 mL of CH 2 Cl 2 was added 4.54 mL (20.2 mmol) of 2,6-di-tert-butylpyridine followed by 1.14 mL (10.1 mmol) of methyl triflate. After stirring for 20 h at rt, the reaction was quenched by the addition of 5 mL of MeOH. The reaction solution was then poured into 200 mL of satd NaHCO 3 (aq) and extracted with 3Â200 mL of CH 2 Cl 2 . The combined organic extracts were dried (Na 2 SO 4 ) and concentrated in vacuo. Flash column chromatography (linear gradient, 2/14% EtOAc/hexanes, 0.2% Et 3 N added during column packing) yielded 303 mg of the title compound as well as 151 mg of a 2:1 mixture of the title compound and the derived dihydropyran. This mixture was converted into pure 32 by stirring with PPTS (5 mg) in MeOH (10 mL) for 10 h. Overall yield: 474 mg (0.800 mmol, 63% , 1H), 1.72 (m, 2H), 1.60 (s, 3H), 1.43 (m, 1H) C, the reaction was quenched with 1.0 mL of satd NH 4 Cl (aq) and extracted with 3Â10 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The clear oil residue was directly used in the next reaction without further purification. To a solution of mesylate in 2.2 mL of THF and 2.2 mL of MeOH was added 1.1 mL of 1.0 M solution of LiOH (aq) at rt. After vigorously stirring the resulting mixture overnight, the reaction was quenched with 20 mL of satd NH 4 Cl (aq) solution and extracted with 20 mL of EtOAc. The aqueous layer was acidified to pH <2 with 1 M HCl and back extracted with 3Â20 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. Purification by flash chromatography (5% MeOH/CH 2 Cl 2 ) afforded 36.8 mg (0.050 mmol, 95%) of the desired product 34 as a clear colorless oil. TLC R f 0. 2 , film) 2931, 2850, 1729, 1612, 1514, 1462, 1361,  1303, 1250, 1168, 1140, 1075, 1040, 1005 
Methyl 2-(6-{(3E)(6S,1R,2R)-2-methoxy-7-[(4-meth
Phenylmethyl-(5S,4R)-4-(methoxycarbonyl)-2,2,5-trimethyl-1,3-oxazolidine-3-carboxylate (37)
To a suspension of 5.0 g (42 mmol) of D-threonine in 50 mL of acetonitrile was slowly added a solution of 50 mL (50 mmol) of 1 M NaOH (aq) at rt. The reaction mixture was cooled to 0 C and then 6.0 mL (42 mmol) of benzoyl chloride was added. Solid Na 2 CO 3 was used to maintain the reaction pH at 10. Once the pH level had stabilized, another 0.60 mL of benzoyl chloride was added. The reaction mixture was allowed to warm gradually overnight. After 12 h of stirring at rt, the reaction mixture was concentrated in vacuo to remove as much solvent as possible. The residual oil was acidified to pH w2 with 6.0 M HCl (aq). The aqueous solution was extracted with 3Â100 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The clear oil residue was used directly for the next reaction without futher purification. To a solution of threonine acid in 39 mL of dimethylformamide was added solid 6.4 g (46 mmol) of K 2 CO 3 . The reaction mixture was cooled to 0 C after which 5.2 mL (84 mmol) of methyl iodide was added. After 30 min of stirring at 0 C, the ice bath was removed and the reaction mixture was allowed to warm gradually overnight. After 12 h of stirring at rt, the solid K 2 CO 3 was filtered and the filtrate was diluted with EtOAc. The organic solution was washed with H 2 O and brine, then dried over Na 2 SO 4 , and filtered. The volatile solvents were removed in vacuo and dried under reduced pressure to afford a white solid. The solid was used directly for the next step without further purification. To a solution of threonine methyl ester in 140 mL of benzene were added 10 mL (84 mmol) of dimethoxypropane and 112 mg (0.59 mmol) of p-toluenesulfonic acid monohydrate at rt. The reaction mixture was stirred for 12 h. The reaction flask was refitted with a 24/40 joint shortpath distillation head and methanol was azeotropically removed by slow distillation at 70e80 C over 4 h to remove about 70 mL of reaction solution. After allowing the remaining mixture to cool to rt, the reaction was quenched with saturated NaHCO 3 solution. The aqueous layer was back extracted with 2Â100 mL of Et 2 O. The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. The clear colorless oil was dried under reduced pressure overnight to afford 12 g (39.1 mmol, 93%, three steps) of the title compound. 1 H NMR indicated that the oil was purely the desired product and did not need futher purification.
[a] D 23 þ45. 
Phenylmethyl-(5S,4R)-4-(N-methoxy-N-methylcarbamoyl)-2,2,5-trimethyl-1,3-oxazolidine-3-carboxylate
To a cooled suspension of 0.79 g (8.1 mmol) of N,O-dimethylhydroxyamine hydrogen chloride in 50 mL of THF in a flame-dried flask under N 2 was added 8.2 mL (2.0 M solution in THF) of isopropylmagnesium chloride. The resulting mixture was stirred at À78 C for 5 min and then a solution of 1.0 g (3.3 mmol) of ester 37 in 15 mL of THF was added. The reaction mixture was stirred at À78 C for an additional 3 min before transferring the reaction flask to a À40 C bath. After stirring overnight at À40 C, the reaction was quenched with 50 mL of satd NH 4 Cl (aq) and extracted with 3Â100 mL of EtOAc. The combined organic layers were washed with brine and dried over Na 2 SO 4 , filtered, and concentrated in vacuo to yield 1.0 g (3.07 mmol, 93%) of threonine weinreb amide as a clear slightly yellow oil. C, a second portion of methylmagnesium bromide (12.3 mL, 3.0 M solution in Et 2 O) was added. The reaction mixture was allowed to gradually warm to rt and stirred overnight. The reaction mixture changed from a cloudy gray suspension to a clear yellow solution. The reaction was quenched with 80 mL of satd NH 4 Cl (aq) and extracted with 3Â150 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 C. To form the enolates, 0.06 mL (0.51 mmol) of ethyl methoxyacetate was added and the reaction mixture was stirred for an additional 30 min at À78
C before slow addition of a solution of 100 mg (0.34 mmol) of methyl ketone 36 in 0.20 mL of THF to produce a light yellow mixture. The mixture was stirred in a À78 C cryocool for 2 days and quenched with satd NH 4 Cl (aq). The biphasic mixture was extracted with 3Â5 mL of MTBE. The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo. Purification by Semi-prep HPLC on Zorbax Sil column (20% EtOAc/hexane, 21 mL/min, 268 nm) afforded aldol adducts 38a (20 mg, 0.068 mmol, 20%) and 38b (36 mg, 0.121 mmol, 36% In a flame-dried flask under Ar, a solution of 2.0 mL (14 mmol) of diisopropylamine in 14 mL of THF was cooled to 0 C. Slowly, 7.0 mL (1.92 M solution in hexane) of nBuLi was added and the reaction mixture was stirred for 15 min. The resulting solution of LDA was cooled to À50 C, after which a solution of 2.1 g (13.5 mmol) of dioxolanone 39 in 41 mL of THF was slowly added. Reaction mixture turned bright yellow after stirring at À50 C for 15 min. The reaction mixture was then cooled to À78 C, after which a À78 C solution of 0.80 g (2.8 mmol) of ketone 36 in 11 mL of THF was added. The reaction mixture was stirred for 2 h while slowly warming to À30 C prior to quenching by the addition of 30 mL of satd NH 4 Cl (aq). The resulting biphasic mixture was stirred vigorously and then extracted with 3Â80 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 To 204 mg (0.46 mmol) of the aldol adduct 40 was added a 4 mL of 60% AcOH (aq). The reaction flask was fitted with a reflux condenser and the reaction mixture was heated to 70 C. After stirring for 16 h at 70 C, the reaction was cooled to rt. Acetic acid was azeotropically removed with 3Â35 mL of heptane to afford a white solid. Residual acetic acid was removed by washing with satd NaHCO 3 (aq) and extraction with EtOAc. Purification by flash chromatography (linear gradient, 50/60% EtOAc/hexanes) afforded 101 mg (0.33 N-((2S,3R,4R,5R )-4-Hydroxy-5-methoxy-2,4-dimethyl-6-oxo(3,4,5-trihydro-2H-pyran-3-yl)-(phenylmethoxy)carboxamide
In a flame-dried flask, 500 mg (1.6 mmol) of lactone 41 was dissolved in 81 mL of CH 2 Cl 2 . While under N 2 , 719 mg (4.9 mmol) of Meerwein's reagent (Me 3 O$BF 4 ) was added followed by 1.5 g (7.3 mmol) of 2,6-di-tert-butyl-4-methylpyridine. The reaction mixture was stirred at rt for 2 days, after which the reaction was quenched with 80 mL of satd NaHCO 3 . The layers were separated and the aqueous layer was further extracted with 2Â100 mL of CH 2 Cl 2 . The combined organic layers were dried over Na 2 SO 4 , filtered, and concentrated in vacuo to afford a yellow solid. Purification by trituration with 10 mL of 20% EtOAc/hexanes afforded 429 mg (1.3 mmol, 82%) of the title compound as a fine white powder. The expensive 2,6-di-tert-butyl-4-methylpyridine can be recovered by flash chromatography of mother liquor from trituration. TLC R f ¼0. C for 1 h, 150 mL (1.9 mmol) of pyridine, 83 mg of DMAP in 1.4 mL of CH 2 Cl 2 , and 234 mL (2.5 mmol) of acetic anhydride were added sequentially. After stirring at À66 C overnight, the reaction flask was transferred to a 0 C bath and stirred for an additional 2 h. The reaction was quenched with 8.0 mL of 1.0 M Rochelle's salt solution, 2.0 mL of satd NH 4 Cl (aq), and 2.0 mL of EtOAc. The mixture was stirred vigorously for 30 min or until both organic and aqueous layers became clear. The layers were separated and the aqueous layer was further extracted with 3Â20 mL of EtOAc. The organic layers were combined, and dried over Na 2 SO 4 After stirring for 30 min at 0 C, the reaction mixture was warmed to rt and stirred for 2 h. After the mixture turned into yellow suspension, the reaction was quenched with 10 mg of solid NH 4 Cl and concentrated in vacuo. To ensure complete quenching, the resulting oil was further diluted with 10 mL of wet CHCl 3 and concentrated in vacuo. In a flame-dried flask, the unpurified lactol was dissolved in 0.2 mL of trichloroacetonitrile and 0.4 mL of CH 2 Cl 2 at rt. Dropwise 5 mL (0.033 mmol) DBU was added and the reaction mixture immediately darkened to a red-brown color after 10 min of stirring. After stirring at rt for 1.5 h, the reaction mixture was concentrated in vacuo. The reaction mixture must be purified immediately after the reaction to avoid product decomposition. Purification by flash chromatography (linear gradient, 60/100% EtOAc/hexanes, each batch of eluent contained 1 vol % Et 3 N) afforded 6. C. The resulting solution was stirred overnight and gradually warmed to rt. The reaction was quenched with 10 mL of satd NaHCO 3 (aq) and extracted with 3Â30 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 C. The reaction mixture was stirred for 1 h at 0 C and then the reaction mixture was warmed to rt. After an additional 5 h of stirring, the reaction was quenched with 5.0 mL solution of satd NaHCO 3 (aq) and extracted with 3Â10 mL of EtOAc. The combined organic layers were dried over Na 2 SO 4 A solution of 1.28 g (3.75 mmol) of 49 in 2 mL of THF was added dropwise via syringe to a mixture of 949 mg (4.13 mmol) of KIO 4 and 37 mg (0.370 mmol) of KHCO 3 in 6 mL of H 2 O. The resulting slurry was stirred vigorously for 3 h at rt. The mixture was then filtered, and the filter cake was rinsed with 16 mL of EtOAc and 6 mL of H 2 O. The aqueous layer was saturated with NaCl and the biphasic mixture refiltered. The layers were separated and the aqueous layer was extracted with 20 mL of EtOAc. The combined organic extracts were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo. The unpurified aldehyde 50 was then diluted with 70 mL of MeOH and 2.18 g (15.8 mmol) of K 2 CO 3 was added. A solution of 1.73 g (15.8 mmol) of 53 49 in 8 mL of MeOH was prepared and this solution was added to the reaction mixture via cannula (2 mL MeOH rinse). The mixture became homogeneous upon stirring vigorously at rt overnight. The alkyne was extracted from MeOH with 3Â80 mL of hexanes followed by washing the combined hexanes extracts with 100 mL of H 2 O. These extracts were then dried (Na 2 SO 4 ), filtered, and concentrated in vacuo to afford 1.17 A solution of 5.31 mL (51.8 mmol) of Et 2 Zn in 300 mL of CH 2 Cl 2 was prepared in a 3-necked flask fitted with an Ar inlet, and chilled to 0 C. A solution of 3.99 mL (51.8 mmol) of CF 3 COOH in 20 mL of CH 2 Cl 2 was added dropwise over 20 min via syringe, followed by stirring for 20 min at 0 C. To the resulting slurry, a solution of 4.17 mL (51.8 mmol) of CH 2 I 2 in 10 mL of CH 2 Cl 2 was added via cannula. The resulting mixture became homogeneous upon stirring for 20 min at 0 C. A solution of 2.00 g (9.87 mmol) of 52 in 10 mL of CH 2 Cl 2 was then added via cannula, followed by removal of the ice bath and stirring for 4 h at rt. The reaction was quenched by the addition of 100 mL of satd NH 4 Cl (aq) and stirring for 30 min. The biphasic mixture was poured into an additional 200 mL of satd NH 4 Cl (aq), and the organic layer removed. The aqueous layer was extracted with an additional 2Â200 mL of CH 2 
2-((1S,2R)-2-Chlorocyclopropyl)-1,1-dibromoethene (47)
To a solution of 520 mg (3.81 mmol) of 55 in 30 mL of CH 2 Cl 2 was added 2.63 g (19.0 mmol) of K 2 CO 3 and the resulting slurry was chilled to 0 C. Pb(OAc) 4 (1.94 g, 4.38 mmol) was added in one portion and the mixture was stirred vigorously for 30 min at 0 C (flask A). Meanwhile, 6.31 g (19.0 mmol) of CBr 4 was added to 30 mL of CH 2 Cl 2 in a separate flask (flask B) and chilled to 0 C. PPh 3 (9.99 g, 38.1 mmol) was added in five equal portions to flask B, producing a bright red solution, which was stirred for 20 min at 0 C. The contents of flask A were then filtered through Celite directly into flask B with a 2Â5 mL CH 2 Cl 2 rinse. The resulting red solution was stirred for 2 h at 0 C to rt. The solution was poured into 100 mL of ice-cold pentane and filtered through a silica plug with 300 mL of Et 2 O. Removal of the solvent in vacuo and flash column chromatography (pentane) afforded 930 mg (3.57 mmol, 94%) of the title compound as a clear colorless oil. TLC R f ¼0. 6 4 was added and the mixture was stirred for 5 min at rt. To the yellow solution was added 606 mL (8.56 mmol) of TlOEt dropwise, resulting in the immediate formation of a yellow precipitate. After stirring for 30 min at rt, the reaction mixture was poured into 200 mL of Et 2 O and 50 mL of 1 M NaHSO 4 (aq), and the biphasic mixture was filtered through Celite with a 3Â50 mL Et 2 O rinse. An additional 150 mL of 1 M NaHSO 4 (aq) was added, the layers were separated, and the aqueous layer was extracted with 2Â300 mL of Et 2 O. The combined organic fractions were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo. The resulting yellow oily solid was diluted with 50 mL of EtOAc and reconcentrated in the presence of SiO 2 . Flash column chromatography (dry load, 20 / 40% EtOAc/hexanes) afforded the title compound; however, the presence of Pd(PPh 3 ) 4 was evident due to the appearance of yellow solids upon concentration and aromatic peaks in the 1 H NMR spectrum. To remove the remaining palladium species, the mixture was diluted with 100 mL of CH 2 Cl 2 and 500 mg of cystein and 50 mL of H 2 O were added, and the mixture was stirred vigorously for 30 min. The organic layer was washed with 100 mL of satd NaHCO 3 (aq) and the combined aqueous layers were then further extracted with 2Â100 mL of CH 2 Cl 2 . The combined organic extracts were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo to provide 1.05 g (4.42 mmol, 93%) of the title compound as a light yellow oil. TLC R f 0. 
[(2E)-5-((1S,2R)-2-Chlorocyclopropyl)pent-2-en-4-ynyl]dimethoxyphosphino-1-one (59)
Bromide (131 mg, 0.596 mmol) was dissolved in 1.2 mL of P(OMe) 3 in a sealed tube and the resulting solution was heated to 100 C for 5 h. Upon cooling to rt, EtOAc was used to transfer the reaction mixture to a flask and the mixture was concentrated in vacuo. Purification by flash column chromatography (linear gradient, 40/70% EtOAc/hexane), followed by evacuating the residue obtained at high vacuum (w200 mtorr) until no further P(OMe) 3 was present by NMR, provided 119 mg (0.478 mmol, 80%) of the title compound as a clear colorless oil. TLC R f 0. To a suspension of 20.0 g (112 mmol) of L-gulonic-glactone in 100 mL of DMF were added 25.6 mL (168 mmol) of cyclohexanone dimethyl ketal and 400 mg (1.72 mmol) of CSA. The mixture, which became homogeneous after w2 h, was stirred for 24 h at rt. About 1 mL of Et 3 N was then added and the solution was concentrated under high vacuum (<1 torr) at rt to 60 C. While the resulting oil was still hot, a stir bar and 300 mL of toluene were added. The resulting mixture was cooled to rt with vigorous stirring, at which point a white solid precipitated from the solution. The solid was filtered, rinsed with 30 mL of toluene, and evacuated under high vacuum (w200 mtorr), which provided 26.1 g (101 mmol, 90%) of the title compound as a white solid of sufficient purity to be used directly. [ Lactone 60 (13.7 g, 53.0 mmol) was suspended in 90 mL of THF, and this 'milky' solution was added dropwise via addition funnel to a solution of 26.9 g (117 mmol) of KIO 4 and 11.7 g (117 mmol) of KHCO 3 in 95 mL H 2 O at such a rate that the internal temperature was maintained below 27 C. After 3 h, the suspension was filtered and the filter cake was rinsed with 2Â25 mL of EtOAc. The aqueous fraction was saturated with NaCl and the mixture was refiltered. The layers were then separated and the aqueous layer was further extracted with 50 mL of EtOAc. The combined organic fractions were dried (Na 2 SO 4 ), filtered, and concentrated in vacuo. The unpurified aldehyde ent-50 was then diluted with 500 mL of MeOH and 15.4 g (111 mmol) of K 2 CO 3 was added. A solution of 12.3 g (64.1 mmol) of 53 49 in 20 mL of MeOH was prepared and this solution was added to the reaction mixture via cannula (5 mL MeOH rinse). The mixture became homogeneous upon stirring vigorously at rt overnight. Alkyne was extracted from MeOH with 6Â500 mL of hexanes followed by washing the combined hexanes extracts with 500 mL of H 2 O. These extracts were then dried (Na 2 
